Suction of the left ventricle can lead to potentially life-threatening events in left ventricular assist device (LVAD) patients. With the resolution of currently available clinical LVAD monitoring healthcare professionals are unable to evaluate patients' suction occurrences in detail. This study investigates occurrences and durations of suction events and their associations with tachycardia in stable outpatients.
Introduction
For patients with terminal heart failure left ventricular assist devices (LVAD) are increasingly used as a bridge to cardiac transplantation or even as a destination therapy, if no donor organ is available or a transplant is contraindicated (1) . Currently implanted LVADs operate at constant speeds, some devices perform a predefined temporary speed modulation periodically (2, 3) . Before hospital discharge, pump speed is individually adjusted to provide sufficient unloading of the left ventricle while restoring adequate systemic blood flow simultaneously (4) . During outpatient care visits, LVAD speed might be re-adjusted by healthcare professionals according to the patient's condition. LVADs, operating at fixed speeds, offer limited adaption to generate pump flow according to the changing physiological demands, rather delegating this control task to the sick heart and its remaining native responsive mechanisms (5) . During particular hemodynamic conditions, the LVAD pumps more blood than delivered from the right ventricle, which results in continuously decreasing left ventricular dimensions until the LVAD's inflow cannula is occluded by suction of the septum or the lateral wall. This occlusion temporarily reduces pump flow, creates a jetstream with high shear stress, damages blood components, and may create hematoma or even necrosis and erosion in the mechanically stressed endocardial layers (6, 7) . Suction activates platelets and increases hemolysis as well as the risk of subsequent thrombogenicity (8) (9) (10) . The mechanical irritation of the endocardium can also lead to rhythm disorders (11) (12) (13) . Therefore, to provide adequate LVAD support, suction events should be avoided.
Currently available LVAD systems are equipped with alarm algorithms to recognize the occurrence of severe suction events. Because of poor resolution, the pumps' log data stored in the LVAD controllers provide insufficient information for healthcare professionals for the retrospective evaluation of events with short durations. Examples for HVAD log data snapshots are provided in references (14, 15) . Additionally, the HVAD ® system (Medtronic Inc., Minneapolis, MN, USA) has provided visualization of the instantaneous estimated pump flow on an external cable connected monitor, which allows visual inspection of the flow waveforms during hospital visits or outpatient follow-ups. This real-time monitoring of the estimated LVAD flow waveforms allows experienced clinicians to diagnose suction by recognition of the distinct waveforms (16). This ability to detect suction waveforms visually was further improved by a recent controller update that introduced a flow estimator with increased frequency bandwidth (17) .
To improve the currently available LVAD logs, a data recorder was developed in our center, which allows uninterrupted 24/7 recording for several weeks and analysis of flow waveforms. Based on this continuous data recording, indices characterizing the assisted cardiac circulation can be calculated such as average, diastolic and systolic LVAD flow rates (17) , heartrate (18), incidence of aortic valve opening (19, 20) , and parameters for contractility (21) and relaxation (22).
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The LVAD data recorder used in this study allowed obtaining the high-resolution insight into pump performance of outpatients for the first time. These recordings provide necessary information to detect abnormal behavior of the patients' hemodynamic condition remotely. The aim of this study is to evaluate suction occurrences and consequences for heart rhythm disorders of VAD outpatients judged as clinically stable.
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Methods
Data from LVAD patients enrolled in a clinical study for continuous LVAD monitoring were analyzed retrospectively for a defined early outpatient period of 15 days in regards to suction events and tachycardia.
Clinical Study
In an observational study a proprietary data recorder, which allows the continuous storage of beat-to-beat pump signals for several weeks, was applied to 38 LVAD-patients between June 1 st , 2014 and March 1 st , 2016. These selected patients were compliant to manage their LVAD peripherals, able to follow their therapeutic protocol, with age >18 years and gave written consent to participate in the study approved by the Institutional Review Board of the Medical University Vienna (EK-243/2011, ClinicalTrials.gov identifier: NCT01981642).
To investigate incidence of suction in clinically stable outpatients, a subset of patients was analyzed which received the recorder immediately after discharge from Phase-II (postoperative and inpatient) cardiac rehabilitation. Rehabilitation included appropriate pump adjustment, optimization of pharmacologic therapy, fluid balance, training to restore patients' independence during daily life and to achieve confidence in handling of LVAD peripherals within a period of 4 weeks (23). All patients with at least 15 days of continuous LVAD data recorded from the first hospital follow-up immediately after cardiac rehabilitation were included. Patients with only sparse amount of LVAD data available during the observation period were excluded from analysis. Therefore, the selected group of patients was considered to have been optimally adjusted, trained, motivated to regain independence in daily living and without any adverse events during the observation period. At the beginning of the observation period blood markers such as LDH (Lactate dehydrogenase) and proBNP were assessed during the outpatient follow-up. The transthoracic echocardiography recording closest to the observation period was analyzed from each patient.
The position of the inflow cannula within the left ventricle was qualitatively classified based on echocardiographer's subjective opinion as either optimal (central position within the left ventricle and quasi perpendicular axis to the mitral valve plane) or suboptimal (large angulation of the cannula's axis to the mitral valve plane, axis towards the ventricular wall or a direct proximity to the endocardial surface with or without visualization of suction of endocardial surface). Suction during the echocardiographic examination was assessed by Doppler interrogation of the outflow graft and classified qualitatively by an abrupt partial or complete interruption of the spectral Doppler velocity waveform with abnormal low or even unmeasurable diastolic velocities compared to reference values provided in the articles (24, 25) . An echocardiographic illustration for the spectral Doppler measurement of the outflow graft with suction is shown in Figure 1 . Furthermore patient occurrences of adverse events were analyzed from medical records.
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LVAD Monitoring
Our group developed a miniaturized data recorder, which records the continuous data stream provided by the HVAD ® (Medtronic Inc., Minneapolis, MN, USA) serial monitor port. With a size of only 80x24x48 mm, the battery powered LVAD data recorder fits within the patients' carriage bag for LVAD peripherals.
Monitored LVAD data (LVAD impeller speed, motor current and power uptake) were recorded at a rate of 50 samples/sec and stored on a microSD card. Pump flow was estimated based on a high-frequencyalgorithm (17) and parameters such as mean flow, pulsatility and heartrate (18) were calculated using MATLAB (TheMathworks Inc., Natick, MA, USA). The beatwise suction detection was applied on the patient data obtained of the 15 days observation period.
Suction detection
Beats during the periodic Lavare ® speed modification cycle were excluded. Three types of analyses were performed: 1. Suction rates, 2. Suction bursts and 3. Clusters of suction events and correlated tachycardia
Suction rates
Results were calculated as percentage of beats with detected suction compared to all heart beats in nonoverlapping time windows of either one hour, one day or over the whole observation period. The results were investigated for each patient as longitudinal profiles and circadian patterns (averaged over 15 days).
The patients' maximum suction rates per hour and number of occurrences of suction rates ≥5%/hour were analyzed using descriptive statistics and linear Pearson correlation. The Suction rate is an easily calculated and interpreted metric containing no information about the distribution of the occurred suction beats within the time window.
Suction bursts:
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Associations of suction free periods after suction bursts according to the preceding burst size were analyzed with linear Pearson correlation. Suction bursts include temporal information within the windows due to the evaluation of sequences with only suction beats.
Clusters of suction events and correlated tachycardia
Suction clusters were defined as occurrences of suction events or bursts with suction-to-suction time intervals of less than 10 seconds. Recurrence of further suction events extended the duration of a cluster.
Suction clusters were analyzed in subgroups based on durations (≤1min, >1&≤5min and >5min).
Tachycardia was defined as 5 or more subsequent occurring cardiac cycles with a beat-to-beat interval <600msec (>100 bpm) calculated from the estimated pump flow (34) . Beat-to-beat intervals with flow pulsatility <0.7L/min were excluded from analysis, as low flow pulsatilities make the detection of the heartrate unreliable. Tachycardia was evaluated for periods of <10 sec before, within and <10 sec after suction clusters. Suction clusters represent episodes consisting of frequent as well as infrequent suction events connected to each other. Therefore the identified suction clusters may vary in durations and suction rates.
Statistical analysis
Data were processed and analyzed with MATLAB. Metric variables are reported as mean ± standard deviation (SD) for normally distributed data and as median with range for non-normally distributed data.
Normal distribution of metric variables was determined with the Shapiro Wilk test. The student's t-test was used to determine statistical significance for normal distributed data and the Wilcoxon signed rank test for non-parametric variables. For the cluster analysis results (median and range) were calculated from the patients' median levels.
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Results
Patient demographics
Of the 38 patients within the observational study for continuous LVAD monitoring 10 fulfilled the requirements described above, i.e. available data for at least 15 days immediately after discharge from Phase II rehabilitation and without readmission during the observation period. Demographics of these 10 patients are given in Table 1 . LVAD data from the study patients were available for 97% of the observation period (3% were missing due to short interruptions, resynchronizations or temporary disconnections of the recording device).
Suction rates
From the recorded beats of all patients together 1.1% of beats were classified as suction with a patient median of 0.8% and range 0.1 to 2.5% suction rates calculated over the whole observation period. One patient (Nr. 8) contributed 40% to the total suction beats, four patients (Nr. 2, 4, 5 and 10) 5-20% each (12.7±4.5%) and five patients (Nr. 1, 3, 6, 7 and 9) less than 5% each (1.9±1.2%). 
Comparison of clinical measures for low-and high-suction group
In the high-suction group heart failure etiology was primarily ischaemic compared to the low-suction group with more dilated cardiomyopathy (see Table 2 ). Similarities existed in operation technique (bilateral thoracotomy n=3) and outflow graft anastomosis (aorta / subclavian artery: n=3/2) amongst the two groups.
Patients LVAD speeds ranged from 2500 to 3400 rpm with no statistical differences according to the suction group. LDH measured at the beginning of observation period was 269±65 U/L and proBNP levels were 3.8±2.7 ng/mL. Despite the occurrences of suction, efforts to compare lab parameters (LDH, fHb, Bilirubin and proBNP) and readmission profiles for the low-and high-suction subgroup did not result in any relevant differences. In the low-suction group 4 patients had optimal inflow cannula position and one Accepted Article patient suboptimal position with the occurrence of suction during transthoracic echocardiography. In the high-suction group 2 patients had optimal inflow cannula position and 3 patients suboptimal position, with the occurrence of suction during echocardiography in one patient of the suboptimal group. Patients in the high suction group had significant smaller left ventricular end diastolic diameters (p<0.018) as well as left ventricular end systolic diameters (p<0.019). The transthoracic echocardiographic measurements were performed on median POD 128 and ranges 32 to 227. The low-compared to the high-suction group had the same prevalence of stroke (n=3 vs n=3, all ischemic strokes) with the first occurrence of stroke at median POD 164 and ranges 1 to 267 days. The number of stroke events for each patient is shown in Table 2 . For one patient in each group pump thrombosis was diagnosed. Late right heart failure after the observation period occurred in 1 patient from the low suction group and 3 patients from the high-suction group at median POD 702 days and ranges 234 to 1487 days.
Suction bursts
Of all suction beats detected, 59% occurred as single events between non-suction beats, 10.7 % occurred as two consecutive suction beats, 9.8% occurred within bursts of 3-5 consecutive suction beats, 9.4% within bursts of 6-15 beats, and 11.1% with bursts of >15 consecutive suction beats. Longer bursts were correlated with shorter event-free time periods after the burst had ended, as shown in Figure 5 .
Clusters of suction events and correlated tachycardia
A total of 11821 suction clusters were evaluated. Table 3 shows the distribution of durations and occurrences for suction clusters and tachycardia within these clusters. Independent of suction cluster duration within the 10 sec period before suction, tachycardia occurred with a median of 0.6 % (range 0 to In Figure 6 the longest suction cluster with 19.9 min duration and snapshots of the pump flow waveforms from Patient Nr. 5 are shown.
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Discussion
There is a broad consensus in the LVAD community that suction can increase risk for cardiac tissue damage, hemolysis, thrombus release, and abnormal heart rhythms (6, (8) (9) (10) (11) (12) (13) . To the authors' knowledge this study is the first comprehensive analysis of longitudinal suction occurrences from beat-to-beat interrogation of the pump in LVAD outpatients. An unanticipated high rate of unrecognized suction events occurred in half of the patients despite the initial assumption that they were optimally adjusted to their constant speed LVAD and medical therapy. Currently, only scarce definitions regarding the recognition and quantification of suction events in LVAD patients exist which are agreed upon by the LVAD society, presumably due to the limited monitoring capabilities. Three different measures to quantify and describe patients' suction behavior were reported, enabling acquisition of information regarding distribution of suction in LVAD outpatients: suction rates, suction bursts and suction clusters.
Patients were assigned to a low-or high-suction group based on the rate of suction events that were observed, with a threshold of more than 5% per hour being considered a relevant suction rate. The threshold of 5% per hour was defined based upon the observed patients' maximum suction rates per hour.
This provided a useful parameter for longitudinal data that is also feasible for patient stratification.
Comparison of the two suction groups from early outpatient LVAD data resulted in significant differences in left ventricular systolic and diastolic diameters measured by echocardiography. Differences in etiology (ischaemic vs. non-ischaemic cardiomyopathy) were observed, albeit without statistical significance.
Results from blood sample testing, tracking of adverse events, site of outflow graft anastomosis and LVAD speed were comparable amongst groups. Confounding factors might be present based on these observations, therefore analysis in a larger patient cohort with adjustment for possible confounding factors is required.
Another clinically relevant observation is the association of suction and tachycardia, which had been initially reported for in-patient observations in Vollkron et al (11) . In this study this association was further explored and refined in the continuous outpatient LVAD recordings, covering an observation period of 15 days. The results showed that ≥50% of suction clusters with >1min of duration were associated with tachycardia within the cluster. Immediate pre-or post-suction tachycardia occurred less frequently. The identification of the origin of abnormalities in cardiac rhythm (whether induced by suction or not) in the individual patient has implications on therapeutic adjustments, suggesting either treatment of electrically induced arrhythmia or prevention of suction by pump settings or fluid balance adjustments. Patient Nr. 5 is a clear example for this problem: The patient had the second highest number of overall suction beats and the longest identified suction cluster of all patients (see Figure 6 ). In this patient 87.2% of a total of 106 min of tachycardia occurred during suction periods. Another patient (Nr. 3) had the least occurrence of
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This patient had only one additional tachycardia episode consisting of 5 beats within the observation period. With speed responsive LVADs these suction related rhythm abnormalities could likely be avoided and therapy could in turn be optimized accounting for the hemodynamic fluctuations shown in Figure 4 .
To understand the mechanistic principles of the suction induced tachycardia it is important to highlight that the mechanical irritation of the cardiac tissue by a single suction beat can be a potent stimulus triggering an ectopic ventricular contraction via mechano-electric coupling (35) . The insufficient left ventricular filling leading to suction and the concomitant induced ectopic ventricular contraction can start a vicious cycle of suction with induced tachycardia in this hemodynamic situation (11) .
In some LVAD patients, pacemaker therapy is adjusted to higher rates in an effort to reduce afterload of the weak right ventricle to prevent right heart failure. Meanwhile reducing preload on the left ventricle in this hemodynamic situation may lead to initiation of suction events. An example from our observations is Patient Nr. 8, who had by far the most occurrence of suction as well as occurrences of tachycardia.
Individual analysis of this patient showed frequent occurrences of longer suction periods connected to the high heartrates at rest. In this patient the clearance of suction occurred often due to an increase in venous return caused by walking, which was shown through analysis of the triaxial accelerometer data within the LVAD data recorder.
Independent of cardiac rhythm it is clear that any solid structure within the left ventricle or the atrium that cannot resist the local low pressure generated by the LVAD will eventually result in suction events. The likelihood of this form of suction event occurring is increased with inflow cannula malposition as mentioned in reference (35) . The conditions leading to this type of suction are different to those of volumetric suction which has been the focus of the discussion so far. Volumetric suction events occur during periods of low preload, which very often appear after a decline in pump flow pulsatility, similar to 
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As the aforementioned example shows, LVAD therapy must be tailored to the particular patient's condition and is highly individual (4) . With the continuous monitoring used in this study it is possible to identify the unique hemodynamic LVAD fingerprint and analyze its progression over time. While a single snapshot during the outpatients' examination is not sufficient for such an analysis. Suction events can be determined through echocardiographic imaging, Valsalva maneuvers, right heart catheterization among other methods by healthcare professionals to estimate the likelihood of suction occurrence and to confirm suspected suction events. Strategies to reduce the occurrence of suction events are LVAD speed reduction and patient education to manage fluid uptake and diuretics therapy as well as the self-assessment of LVAD parameters multiple times a day and during symptomatic periods. The ability to perform an analysis of pump performance coupled with the ability to detect pathological changes in the pump's operating conditions is unprecedented and could potentially be implemented as a high-fidelity monitoring tool in the prospective management procedures of the pump. Data collected with this unique technology is one of the many steps required in the development of future generations of "smart-pumps".
The inability of healthcare professionals to retrospectively examine suction alarm events with current clinical LVAD monitoring impedes the identification of alarm performance and prevents proper individual adjustments of alarm thresholds. Two current generation devices, the Incor ® (Berlin Heart, Berlin, Germany) and the Heartmate 3 ® (Abbott Laboratories, Abbott Park, IL, USA), contain mechanisms for temporary reduction in LVAD speed in case of detection of suction events. The performance of these detection algorithms and the efficacy of their suction clearance strategies have not yet been reported, to our knowledge.
As the observations and analyses in this study show, improvements in LVAD monitoring to provide comprehensive information to the healthcare professionals are necessary. In terms of monitoring, LVADs can provide unique but limited sensory functions in addition to their main purpose, which is to deliver blood to the systemic circulation. LVAD monitoring can be useful not only to categorize suction patterns, but also to asses hemodynamic parameters of the assisted left ventricle such as aortic valve opening (10, 20, 36) , contractility (21) , relaxation (22), ventricular rhythm (18) and potentially even preload levels (37, 38) or responses to different physical activities (5) . Additional information such as data from pressure sensors or accelerometers in combination with LVAD data could further improve the quality of an individual's LVAD therapy (39) . Modern monitoring could utilize tele-monitoring to provide a sufficient connection with the health care professionals and to improve temporal resolution of monitored LVAD
This article is protected by copyright. All rights reserved signals (40) . Initial clinical experiences with tele-monitoring in LVAD patients were reported previously (41) .
Although this study reports novel occurrences of suction events in stable LVAD outpatients, it has some limitations. The results are not capable of proving statistically significant differences in clinical endpoints of patients with low-and high-suction rates. The number of selected patients is low and the observation window is too short to draw any definitive conclusion about potential effects of suction frequency on clinical adverse events or endpoints. Despite the low number of patients and short observation periods, this study shows that suction events occur in clinically stable outpatients and the comparable clinical parameters amongst the high-and the low-suction group. Heartrate was not monitored by the gold standard ECG but derived from LVAD flow, which shows good accordance to ECG heartrates (18) . The ground truth for the training and testing of the suction detection was based on visual observations of experts without additional use of echocardiography or invasive pressure measurements. For the outpatient monitored data the ground truth for suction and non-suction beats was inaccessible, which could provide important information due to the high occurrence of single isolated suction beats. The suction alarm of the HVAD ® was disabled in our patients (similar to other centers in Europe) due to numerous experiences of apparent false positive suction alarms. Therefore the clinically available alarm strategy implemented in the LVAD could not be compared and validated with the incidences identified with the continuous monitoring in this study.
Echocardiography was not performed during the observation period and the comparison of the binary quantification of cannula position during examination with the suction occurrences over a duration of 15 days must be interpreted with caution.
Conclusion
Continuous LVAD monitoring revealed suction rates of outpatients with constant speed LVADs and optimal therapy, of which the healthcare professionals were unaware of. Five of the 10 studied patients showed multiple considerable suction events within the 15 days study period. Longer suction episodes are more likely to initiate suction induced tachycardia. This study presents evidence to make the case for the implementation of a physiologic control concept to improve cardiac protection of LVAD patients. 
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